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DATA CACHE VIRTUAL HINT WAY 
PREDICTION, AND APPLICATIONS 

THEREOF 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a continuation of parent U.S. 
Non-Provisional patent application Ser. No. 1 1/545,706, filed 
on Oct. 11, 2006, titled “Data Cache Virtual Hint Way Pre 
diction, and Applications Thereof which is incorporated 
herein by reference in its entirety. Parent U.S. Non-Provi 
sional patent application Ser. No. 1 1/545,706 claims the ben 
efit of U.S. Provisional Patent Application No. 60/848,047, 
filed on Sep. 29, 2006, titled “Data Cache Virtual Hint Way 
Prediction, And Applications Thereof which is incorporated 
herein by reference in its entirety. 
0002 This application is related to commonly owned U.S. 
patent application Ser. No. 1 1/529,728, titled “Load/Store 
Unit For A Processor, And Applications Thereof filed on 
Sep. 29, 2006 (Attorney Docket No. 1778.2420000), and 
commonly owned U.S. patent application Ser. No. 1 1/529, 
710, titled “Detection And Prevention Of Write-After-Write 
Hazards, And Applications Thereof.” filed on Sep. 29, 2006 
(Attorney Docket No. 1778.2430000), each of which is incor 
porated herein by reference in its entirety. 

FIELD OF THE PRESENT INVENTION 

0003 
SOS. 

The present invention generally relates to proces 

BACKGROUND OF THE PRESENT INVENTION 

0004 Processor pipelining is a known technique used to 
make processors operate more quickly. This technique 
enables a processor to work on different steps of an instruc 
tion at the same time and thereby take advantage of parallel 
ism that exists among the steps needed to execute an instruc 
tion. As a result, a processor can execute more instructions in 
a shorter period of time. 
0005. Many processors, especially those used in the 
embedded market, are relatively simple in-order machines. 
As a result, they are subject, for example, to data hazard Stalls. 
More complex processors have out-of-order pipelines, which 
allow execution of instructions to be scheduled around haz 
ards that would stall an in-order processor pipeline. 
0006 What is needed are new techniques and structures 
for processors that enhance processor performance. 

BRIEF SUMMARY OF THE PRESENT 
INVENTION 

0007. The present invention provides a virtual hint based 
data cache way prediction Scheme, and applications thereof. 
In an embodiment, a processor retrieves data from a data 
cache based on a virtual hint value oran alias way prediction 
value and forwards the data to dependent instructions before 
a physical address for the data is available. After the physical 
address is available, the physical address is compared to a 
physical address tag value for the forwarded data to verify that 
the forwarded data is the correct data. If the forwarded data is 
the correct data, a hit signal is generated. If the forwarded data 
is not the correct data, a miss signal is generated. Any instruc 
tions that operate on incorrect data are invalidated and/or 
replayed. 
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0008 Further embodiments, features, and advantages of 
the present invention, as well as the structure and operation of 
various embodiments of the present invention, are described 
in detail below with reference to the accompanying drawings. 

BRIEF DESCRIPTION OF THE 
DRAWINGS/FIGURES 

0009. The accompanying drawings, which are incorpo 
rated herein and form a part of the specification, illustrate the 
present invention and, together with the description, further 
serve to explain the principles of the present invention and to 
enable a person skilled in the pertinent art to make and use the 
present invention. 
0010 FIG. 1A is a diagram of a processor according to an 
embodiment of the present invention. 
0011 FIG. 1B is a diagram further illustrating the proces 
sor of FIG. 1A. 

0012 FIG. 2 illustrates an example load/store unit accord 
ing to an embodiment of the present invention. 
0013 FIG. 3A illustrates an example load/store queue 
according to an embodiment of the present invention. 
0014 FIG. 3B illustrates an example load data queue 
according to an embodiment of the present invention. 
(0015 FIG. 3C illustrates an example fill/store buffer 
according to an embodiment of the present invention. 
0016 FIG. 3D illustrates an example load/store gradua 
tion buffer according to an embodiment of the present inven 
tion. 

0017 FIG.3E illustrates an example data cache according 
to an embodiment of the present invention. 
0018 FIG. 3F illustrates an example instance of virtual 
address aliasing. 
0019 FIG. 3G illustrates selection of a data cache way 
according to an embodiment of the present invention. 
0020 FIG. 3H illustrates generation of a cache hit/miss 
signal and how to update an alias way prediction value 
according to an embodiment of the present invention. 
0021 FIG. 4A illustrates allocation of an entry in a load/ 
store queue. 
0022 FIG. 4B illustrates graduation of an instruction and 
allocation of an entry in a load/store graduation buffer. 
0023 FIG.4C illustrates allocation of entries in a fill/store 
buffer and in a load data queue and de-allocation of an entry 
in a load/store queue. 
0024 FIG. 5A illustrates detection of a write-after-write 
hazard according to an embodiment of the present invention. 
(0025 FIG. 5B illustrates prevention of a write-after-write 
hazard according to an embodiment of the present invention. 
0026 FIG. 5C1 illustrates detection of write-after-write 
hazards in multiple load entries in a load/store queue. 
0027 FIG. 5C2 illustrates detection of write-after-write 
hazards in multiple load entries in a load data queue. 
(0028 FIG. 5D illustrates prevention of multiple write 
after-write hazards according to an embodiment of the 
present invention. 
0029 FIG. 6 is a diagram of an example system according 
to an embodiment of the present invention. 
0030 The present invention is described with reference to 
the accompanying drawings. The drawing in which an ele 
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ment first appears is typically indicated by the leftmost digit 
or digits in the corresponding reference number. 

DETAILED DESCRIPTION OF THE PRESENT 
INVENTION 

0031. The present invention provides a virtual hint based 
data cache way prediction Scheme, and applications thereof. 
In the detailed description of the present invention that fol 
lows, references to “one embodiment”, “an embodiment', 
“an example embodiment, etc., indicate that the embodi 
ment described may include a particular feature, structure, or 
characteristic, but every embodiment may not necessarily 
include the particular feature, structure, or characteristic. 
Moreover, Such phrases are not necessarily referring to the 
same embodiment. Further, when a particular feature, struc 
ture, or characteristic is described in connection with an 
embodiment, it is submitted that it is within the knowledge of 
one skilled in the art to effect such feature, structure, or 
characteristic in connection with other embodiments whether 
or not explicitly described. 
0032 FIG. 1 is a diagram of a processor 100 according to 
an embodiment of the present invention. Processor 100 pref 
erably implements a load-store, reduced instruction set com 
puter (RISC) architecture. The various components and fea 
tures of processor 100 illustrated in FIG. 1 are described 
below. 
0033. While processor 100 is described herein as includ 
ing several separate components, many of these components 
are optional components that will not be present in each 
embodiment of the present invention, or components that may 
be combined, for example, so that the functionality of two 
components reside within a single component. Thus, the indi 
vidual components shown for example in FIG. 1 are illustra 
tive and not intended to limit the present invention. 
0034. As shown in FIG. 1A, processor 100 includes one or 
more execution units 102. In an embodiment, execution units 
102 include an integer execution unit (IEU) 118 and a load/ 
store unit (LSU) 108. IEU 118 handles arithmetic operations, 
Such as logical operations, shift operations, add operations, 
and/or subtract operations. LSU 108 handles load/store 
operations. In a further embodiment, execution units 102 also 
include, for example, a multiply/divide unit (MDU) 120 to 
perform multiply and divide operations. 
0035. In an embodiment, execution units 102 interact with 
data stored in 32-bit registers in a register file (RF) 130. In 
addition, execution units 102 can store data in one or more 
completion buffers (CB) 128. In an embodiment, a first 
completion buffer 128 includes 64-bit registers for storing 
data from integer execution unit 118 and multiply/divide unit 
120. A second completion buffer 128 includes 32-bit registers 
for storing data from load/store unit 108. Optionally, one or 
more additional register file sets can be included to minimize 
context Switching overhead, for example, during interrupt 
and/or exception processing. 
0.036 Execution units 102 interface with an instruction 
dispatch unit (IDU) 106, a graduation unit (GRU) 126, a 
memory management unit (MMU) 110, register file 130, 
completion buffer 128, and an optional coprocessor 124. 
0037. Instruction fetch unit (IFU) 104 is responsible for 
providing instructions to instruction dispatch unit 106. In one 
embodiment, instruction fetch unit 104 includes control logic 
for instruction cache 112, an optional recoder for recoding 
compressed format instructions, an instruction buffer to 
decouple operation of instruction fetch unit 104 from execu 
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tion units 102, and an interface to a scratchpad (not shown). In 
an embodiment, instruction fetch unit 104 performs dynamic 
branch prediction. Instruction fetch unit 104 interfaces with 
instruction dispatch unit 106, memory management unit 110. 
instruction cache 112, and bus interface unit (BIU) 116. 
0038. Instruction dispatch unit 106 is responsible for 
decoding instructions received from instruction fetch unit 104 
and dispatching them to execution units 102 when their oper 
ands and required resources are available. In an embodiment, 
instruction dispatch unit 106 may receive up to two instruc 
tions in order from instruction fetch unit 104 per cycle. The 
instructions are assigned an instruction identification value 
and a completion buffer value (CBID). The completion buffer 
identification value identifies a buffer location or entry in 
completion buffer 128 that can be used to hold results tem 
porarily before they are committed to the architectural state of 
processor 100 by writing the results to register file 130. 
0039 Instruction dispatch unit 106 also performs operand 
renaming to facilitate forwarding of data. Renamed instruc 
tions are written into a decoded instruction buffer (DIB) 113 
(see FIG. 1B). The oldest instructions stored in the decoded 
instruction buffer 113 that have all their operands ready and 
meet all resource requirements are dispatched to an appropri 
ate execution unit for execution. Instructions may be dis 
patched out-of-program-order to execution units 102. Dis 
patched instructions do not stall in the execution pipe, and 
they write their results into completion buffer 128. 
0040. In an embodiment, instruction dispatch unit 106 
also keeps track of the progress of an instruction through 
pipeline stages, for example, within execution units 102 and 
updates the availability of operands in the rename map and in 
all dependent instructions that are in decoded instruction 
buffer 113. Instruction dispatch unit 106 also writes the 
instruction identification, completion buffer identification, 
and related information values into structures in graduation 
unit 126. 
0041 Load/store unit 108 is responsible for handling load/ 
store instructions to read/write data from data caches and/or 
memory. Load/store unit 108 is capable of handling loads and 
stores issued out-of-program-order. Load/Store unit also 
includes a data cache 114 (see FIG. 1B). Data cache 114 is an 
on-chip memory array organized as a multi-way set associa 
tive cache Such as, for example, a 2-way set associative cache 
or a 4-way set associative cache. Data cache 114 is preferably 
virtually indexed and physically tagged, thereby allowing 
virtual-to-physical address translations to occur in parallel 
with cache accesses. 
0042. In an embodiment, load/store unit 108 includes a 
load/store queue (LSQ) 202 and a load store graduation buffer 
(LSGB) 204 (see FIG.2). In an embodiment, load/store queue 
202 and load/store graduation buffer 204 have the same num 
ber of entries. 
0043 Memory management unit 110 translates virtual 
addresses to physical addresses for memory access. In one 
embodiment, memory management unit 110 includes a trans 
lation lookaside buffer (TLB) and may include a separate 
instruction TLB and a separate data TLB. Memory manage 
ment unit 110 interfaces with instruction fetch unit 104 and 
load/store unit 108. 
0044) Instruction cache 112 is an on-chip memory array 
organized as a multi-way set associative cache Such as, for 
example, a 2-way set associative cache or a 4-way set asso 
ciative cache. Instruction cache 112 is preferably virtually 
indexed and physically tagged, thereby allowing virtual-to 
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physical address translations to occur in parallel with cache 
accesses. In one embodiment, the tags include a valid bit and 
optional parity bits in addition to physical address bits. 
Instruction cache 112 interfaces with instruction fetch unit 
104. 

0.045 Bus interface unit 116 controls external interface 
signals for processor 100. In one embodiment, bus interface 
unit 116 includes a collapsing write buffer used to merge 
write-through transactions and gather writes from uncached 
StOreS. 

0046 Integer execution unit 118 executes integer instruc 
tions. It is capable of handling instructions issued out-of 
program order. Integer execution unit 118 includes an arith 
metic logic unit for performing arithmetic operations such as 
add, Subtract, shift and logic operations. Integer execution 
unit 118 interfaces with and operates on data stored in 
completion buffer 128 and register file 130. 
0047 Multiply/divide unit 120 contains a pipeline for 
integer multiply and divide operations. This pipeline prefer 
ably operates in parallel with the integer execution pipeline in 
integer execution unit 118 and has a separate write port into 
completion buffer 128. In an embodiment, multiply/divide 
unit 120 looks ahead and informs instruction dispatch unit 
106 that a divide operation is about to complete so that there 
are no bubbles in the multiply/divide unit pipeline. 
0048 Coprocessor 124 couples to execution units 102. In 
embodiments, coprocessor 124 contains state information 
used, for example, for identifying and managing exceptions 
such as external events and/or program errors. In other 
embodiments, coprocessor 124 is a floating point coproces 
Sor, a graphics coprocessor, or a coprocessor responsible for 
virtual-to-physical address translation, cache protocols, et 
cetera. In embodiments, processor 100 includes more than 
one coprocessor 124. 
0049 Graduation unit 126 is responsible for ensuring that 
instructions graduate and change the architectural state of 
processor 100 in-program order. Graduation unit 126 also 
releases buffers and resources used by instructions prior to 
their graduation. 
0050 FIG. 1B further illustrates the operation of proces 
sor 100. As illustrated in FIG. 1B, processor 100 performs 
four basic functions: instruction fetch; instruction decode and 
dispatch; instruction execution; and instruction graduation. 
These four basic functions are illustrative and not intended to 
limit the present invention. 
0051. Instruction fetch (represented in FIG. 1A by instruc 
tion fetch unit 104) begins when a PC selector 101 selects 
amongst a variety of program counter values and determines 
a value that is used to fetch an instruction from instruction 
cache 112. In one embodiment, the program counter value 
selected is the program counter value of a new program 
thread, the next sequential program counter value for an exist 
ing program thread, or a redirect program counter value asso 
ciated with a branch instruction or a jump instruction. After 
each instruction is fetched, PC selector 101 selects a new 
value for the next instruction to be fetched. 
0052. During instruction fetch, tags associated with an 
instruction to be fetched from instruction cache 112 are 
checked. In one embodiment, the tags contain precode bits for 
each instruction indicating instruction type. If these precode 
bits indicate that an instruction is a control transfer instruc 
tion, a branch history table is accessed and used to determine 
whether the control transfer instruction is likely to branch or 
likely not to branch. 
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0053. In one embodiment, any compressed-format 
instructions that are fetched are recoded by an optional 
instruction recoder 103 into a format that can be decoded and 
executed by processor 100. For example, in one embodiment 
in which processor 100 implements both 16-bit instructions 
and 32-bit instructions, any 16-bit compressed-format 
instructions are recoded by instruction recoder 103 to form 
instructions having 32 bits. In another embodiment, instruc 
tion recoder 103 recodes both 16-bit instructions and 32-bit 
instructions to a format having more than 32 bits. 
0054. After optional recoding, instructions are written to 
an instruction buffer 105. In one embodiment, this stage can 
be bypassed and instructions can be dispatched directly to an 
instruction decoder 107. 

0055 Instruction decode and dispatch (represented in 
FIG. 1A by instruction dispatch unit 106) begins, for 
example, when one or more instructions are received from 
instruction buffer 105 and decoded by instruction decoder 
107. In one embodiment, following resolution of a branch 
mis-prediction, the ability to receive instructions from 
instruction buffer 105 may be temporarily halted until 
selected instructions residing within the instruction execution 
portion and/or instruction graduation portion of processor 
100 are purged. 
0056. In parallel with instruction decoding, operands are 
renamed. Register renaming map(s) located within instruc 
tion identification (ID) generator and operand renamer 109 
are updated and used to determine whether required source 
operands are available, for example, in register file 130 and/or 
a completion buffer 128. A register renaming map is a struc 
ture that holds the mapping information between programmer 
visible architectural registers and internal physical registers 
of processor 100. Register renaming map(s) indicate whether 
data is available and where data is available. As will be under 
stood by persons skilled in the relevant arts given the descrip 
tion herein, register renaming is used to remove instruction 
output dependencies and to ensure that there is a single pro 
ducer of a given register in processor 100 at any given time. 
Source registers are renamed so that data is obtained from a 
producer at the earliest opportunity instead of waiting for the 
processor's architectural state to be updated. 
0057 Also in parallel with instruction decoding, instruc 
tion identification (ID) generator and operand renamer 109 
generates and assigns an instruction identification tag to each 
instruction. An instruction identification tag assigned to an 
instruction is used, for example, to determine the program 
order of the instruction relative to other instructions. In one 
embodiment, each instruction identification tag is a thread 
specific sequentially generated value that uniquely deter 
mines the program order of instructions. The instructioniden 
tification tags can be used to facilitate graduating instructions 
in-program order, which were executed out-of-program 
order. 

0.058 Each decoded instruction is assigned a completion 
buffer identification value or tag by a completion buffer allo 
cater 111. The completion buffer identification value deter 
mines the location in completion buffer 128 where instruction 
execution units 102 can write results for an instruction. In one 
embodiment, the assignment of completion buffer identifica 
tion values is accomplished using a free list. The free list 
contains as many entries as the number of entries in comple 
tion buffer 128. The free list can be implemented, for 
example, using a bitmap. A first bit of the bitmap can be used 
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to indicate whether the completion bufferentry is either avail 
able (e.g., if the bit has a value of one) or unavailable (e.g., if 
the bit has a value of Zero). 
0059 Assigned completion buffer identification values 
are written into a graduation buffer 121. In one embodiment, 
completion buffer completion bits associated with newly 
renamed instructions are reset/cleared to indicate incomplete 
results. As instructions complete execution, their correspond 
ing completion buffer completion bits are set, thereby 
enabling the instructions to graduate and release their asso 
ciated completion buffer identification values. In one 
embodiment, control logic (not shown) ensures that one pro 
gram thread does not consume more than its share of comple 
tion buffer entries. 

0060 Decoded instructions are written to a decoded 
instruction buffer 113 if the instructions are to be executed by 
execution units 102 or to coprocessor interface unit 122 if the 
instructions are to be executed by a coprocessor 124. An 
instruction dispatcher 115 selects instructions residing in 
decoded instruction buffer 113 for dispatch to execution units 
102. In embodiments, instructions can be dispatched for 
execution out-of-program-order to execution units 102. In 
one embodiment, instructions are selected and dispatched, for 
example, based on their age (instruction ID tags) assuming 
that their operands are determined to be ready. In an embodi 
ment, coprocessor 124 executes instructions in-program-or 
der. 

0061 Instruction execution units 102 execute instructions 
as they are dispatched. During execution, operand data is 
obtained as appropriate from data cache 114, register file 130, 
and/or completion buffer 128. A result calculated by instruc 
tion execution units 102 for a particular instruction is written 
to a location/entry of completion buffer 128 specified by the 
instructions associated completion buffer identification 
value. 

0062 Instruction graduation (represented in FIG. 1A by 
instruction graduation unit 126) is controlled by a graduation 
controller 119. Graduation controller 119 graduates instruc 
tions in accordance with the completion buffer identification 
values stored in graduation buffer 121. When an instruction 
graduates, its associated result is transferred from completion 
buffer 128 to register file 130. In conjunction with instruction 
graduation, graduation controller 119 updates, for example, 
the free list of completion buffer allocater 111 to indicate a 
change in availability status of the graduating instruction's 
assigned completion buffer identification value. 
0063 FIG. 2 further illustrates load/store unit 108 accord 
ing to an embodiment of the present invention. Load/store 
unit 108 preferably includes load/store unit control logic 
(LSU Control Logic) 200, a load/store queue (LSQ) 202, a 
load/store graduation buffer (LSGB) 204, a fill/store buffer 
(FSB) 206, a load data queue (LDQ) 208, and a data cache 
114. As shown in FIG. 2, in an embodiment, load/store unit 
108 is coupled to instruction dispatch unit 106, graduation 
unit 126, branch interface unit 116 and register file 130. 
0064. Load/store unit 108 can process, for example, 32-bit 
or 64-bit load instructions and store instructions out-of-pro 
gram order. In embodiments, load/store unit 108 can handle 
up to four unique miss requests to branch interface unit 116. 
support 16 KB, 32 KB and/or 64 KB data cache memory 
requests, implement a least recently used cache replacement 
scheme, provide hardware virtual aliasing Support, Support 
tag and data parity, and implement virtual tag-based way 
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prediction. These features are implemented with the aid of 
load/store unit control logic 200. 
0065. In embodiments of the present invention, load/store 
unit control logic 200 controls the allocation and de-alloca 
tion of all queues in load/store unit 108. Load/store unit 
control logic 200 communicates with graduation unit 126, 
instruction dispatch unit 106, data cache 114, bus interface 
unit 116 and register file 130. As described in more detail 
below, load/store unit control logic 200 prevents write-after 
write hazards in processor 100, for example, by storing reg 
ister destination values associated with load instructions in 
load/store queue 202 and/or load data queue 208, comparing 
the register destination value of a graduating load instruction 
with values stored in load/store queue 202 and/or load data 
queue 208, and preventing any previously graduated load 
instructions associated with cache misses from altering an 
architectural state of the processor if they write to the same 
destination register as the graduating load instruction. 
0.066 Load/store queue 202 holds address values, status 
values, and data for a particular class of instruction Such as, 
for example, load and store instructions and memory access 
instructions that are executed by load/store unit 108. Data 
stored in load/store queue 202 can be bypassed to dependent 
instructions using load/store unit control logic 200. In 
embodiments, information for instructions executed by load/ 
store unit 108, including graduated load/store instructions, is 
maintained in load/store queue 202 until the instructions 
complete or the information for the instructions is moved to 
another resource of load/storeunit 108 such as fill/store buffer 
206 and/or load data queue 208. 
0067. Load/store graduation buffer 204 is preferably a 
first-in-first-out buffer used for tracking graduated instruc 
tions executed by load/store unit 108. Load/store graduation 
buffer 204 ensures that instructions executed by load/store 
unit 108 access a shared resource of load/store unit 108 in 
program order. In an embodiment, load/store graduation 
buffer 204 has the same number of entries as load/store queue 
202. In one embodiment, the number of entries is fourteen. 
0068 Fill/store buffer 206 is used to handle memory read 
requests. In an embodiment, fill/store buffer 206 handles up to 
four unique miss requests to bus interface unit 116. Each 
request to bus interface unit 116 requires a possible eviction, 
followed by a fill of returning data. Fill/store buffer 206 stores 
data associated with graduated Store instructions that missed 
until the data is filled into data cache 114. Fill/store buffer 206 
is capable of merging store data from multiple store misses 
with returning data. Fill/store buffer 206 is also a bypass point 
for load data values. Data from fill/store buffer 206, load/store 
queue 202, or a scratchpad random access memory (not 
shown) can be merged together and bypassed. In an embodi 
ment, this merging occurs at byte granularity. 
0069 Load data queue 208 is used to manage the return of 
outstanding load misses. In an embodiment, load data queue 
208 is four entries deep. When a load data queue request is 
fulfilled, load data queue 208 arbitrates with graduation unit 
126 for access to register file 130. 
0070 Data cache 114 is preferably an on-chip memory 
array organized as a multi-way set associative cache Such as, 
for example, a 2-way set associative cache or a 4-way set 
associative cache. Data cache 114 is virtually indexed and 
physically tagged, thereby allowing virtual-to-physical 
address translations to occur in parallel with cache access. 
0071. In operation, instructions can be issued to load/store 
unit 108 out-of-program-order from decoded instruction 
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buffer 113. Issued instructions are allocated an entry in load/ 
store queue 202. In an embodiment, load/store unit control 
logic 200 allocates load/store queue 202 entries based on a 
completion buffer identification value (CBID) assigned to an 
instruction by instruction dispatch unit 106. 
0072. When an issued instruction is received by load/store 
unit 108, load/store unit control logic 200 determines instruc 
tion type, and a virtual address for the instruction, if appli 
cable, is calculated. The virtual address is stored in load/store 
queue 202. Load/store queue 202 also stores status informa 
tion and data for each instruction. This status information 
includes, for example, whether a load or a store instruction is 
a hit or a miss. 

0073 Load/store unit control logic 200 arbitrates for 
access to data cache 114. Data cache 114 and tag information 
are read, and the information stored in load/store queue 202. 
Loads and stores that hit in data cache 114, update a way 
select line 324 (see FIG.3E) of data cache 114. In an embodi 
ment, each tag line 320 of data cache 114 contains both a 
physical address tag and a virtual address tag (a virtual hint). 
The virtual address tag is used to generate an early cache way 
prediction that is backed up in a Subsequent processor clock 
cycle with a physical address compare, and a load miss/hit 
signal, based on the comparison, is provided to execution 
units 102 and graduation unit 126 so that any dependent 
instructions can be replayed, if necessary. Data residing in 
load/store queue 202, fill/store buffer 206, data cache 114 
and/or a scratchpad random access memory can be selected 
based on a virtual address and bypassed if available. In an 
embodiment, data from load/store queue 202 has the highest 
priority to be selected and bypassed, followed in order by data 
from fill/store buffer 206, data from data cache 114, and data 
from the scratchpad random access memory. Partial data from 
load/store queue 202 may also be combined with data from 
fill/store buffer 206 and bypassed to one or more pipeline 
stages of processor 100. 
0074. In embodiments, after available data is bypassed to 
dependent instructions, any resulting exceptions are priori 
tized. Load/store unit control logic 200 writes exception 
information and load hit data into completion buffer 128. 
Imprecise exceptions are logged into load/store queue 202 
and are signaled to graduation unit 126 when the associated 
instructions graduate. 
0075. In an embodiment, graduation unit 126 can graduate 
up to two load/store instructions per cycle. Upon receiving an 
indication from graduation unit 126 to graduate an instruc 
tion, load/store unit control logic 200 determines whether the 
graduating instruction is associated with a cache hit or a cache 
miss based on status information for the instruction stored in 
load/store queue 202. If the instruction is a load instruction, 
and if the status information indicates the instruction is asso 
ciated with a hit, the entry in load/store queue 202 associated 
with the graduating instruction is de-allocated. The graduat 
ing instruction completes, and if applicable the instruction's 
result is permitted to change the architectural state of proces 
Sor 100. If the graduating instruction is associated with a miss, 
an entry for the graduating instruction is allocated in load/ 
store graduation buffer 204. In an embodiment, the entry in 
load/store graduation buffer 204 stores a pointer to the entry 
in load/store queue 202 associated with the graduating 
instruction. As described in more detail below, information 
stored in load/store queue 202 associated with an instruction 
that misses is eventually transferred to fill/store buffer 206 

Jan. 14, 2010 

and/or load data queue 208 in order to release the load/store 
queue 202 entry for use by other instructions. 
0076. As noted above, load/store graduation buffer 204 is 
preferably a first-in-first-out buffer (queue), and thus it pro 
cesses stored entries in graduation or program order. When an 
entry reaches the top of load/store graduation buffer 204, the 
corresponding entry pointed to in load/store queue 202 is 
checked by load/store unit control logic 200 to determine 
whether the associated instruction is still a miss or whether 
the needed data has been returned, for example, from main 
memory and is available in fill/store buffer 206 or in data 
cache 114. If the needed data is available, the data is accessed 
and the entries in load/store queue 202 and load/store gradu 
ation buffer 204 are de-allocated. If the needed data is not yet 
available, load/store unit control logic 200 allocates an entry 
in fill/store buffer 206 and/or load data queue 208, and the 
corresponding entry in load/store queue 202 is de-allocated. 
0077 Load misses that require memory access via bus 
interface unit 116 are allocated an entry in both fill/store 
buffer 206 and load data queue 208. Fill/store buffer 206 is 
responsible for requesting data from bus interface unit 116 
and for forwarding data received via bus interface unit 116 to 
load data queue 208. Load misses that have a hit in data cache 
114 by the time they are serviced by load/store graduation 
buffer 204 do not require allocation of an entry in fill/store 
buffer 206. For such cases, an entry is allocated in load data 
queue 208 and a probe is sent by load/store unit control logic 
200 to data cache 114 to retrieve the needed data. When the 
needed data is returned to load data queue 208, load data 
queue 208 arbitrates for control of register file 130 and writes 
the data to a register in register file 130. 
0078. As described herein, it is a feature of the present 
invention that it detects and prevents write-after-write haz 
ards. A write-after-write hazard occurs when a first load 
instruction misses and a second load instruction hits, wherein 
the second load instruction follows the first load instruction in 
program order and both load instructions write to the same 
destination register. In this scenario, the second (hit) load 
instruction will write its data to the destination register before 
the first (miss) load instruction. If not prevented, when the 
data for the first (miss) instruction returns from memory, the 
first load instruction will overwrite the data written by the 
second load instruction, thereby resulting in a write-after 
write data hazard. The present invention detects this hazard 
and prevents the first load instruction from writing to the 
common register. In an embodiment of the present invention, 
load/store unit control logic 200 prevents the first load 
instruction from writing to the common destination register 
by setting bits in a register destination field in load/store 
queue 202 associated with the first load instruction that cause 
the first load instruction to write its data to a read-only register 
(e.g., register file 130 register R0, which in an embodiment is 
a read-only register that always returns a value of Zero). In an 
embodiment, if the first load instruction has been allocated an 
entry in load data queue 208, the first load instruction can be 
prevented from writing to the common destination register by 
setting a write-back bit (e.g., to a value Zero) in the entry of 
load data queue 208 corresponding to the first load instruc 
tion. 

(0079 FIG.3A illustrates an example load/store queue 202 
according to an embodiment of the present invention. As 
shown in FIG. 3A, load/store queue 202 is an N-entry 
memory structure. In one embodiment, load/store queue 202 
is a 14-entry memory structure. Each entry is configured to 
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store a load store queue identification (LSQID) value 300, 
virtual tag (VTAG) information 302, physical tag (PTAG) 
information 304, data information (DATA INF) 306, and 
exception information (EXC INF) 308. Load/store queue 202 
preferably includes multiple read ports and multiple write 
ports to read and write the information described. 
0080. The load/store queue identification value 300 is 
preferably assigned based on an instruction's completion 
buffer identification value. In an embodiment, the load/store 
queue identification value 300 is the same as the completion 
buffer identification value assigned by during instruction 
decode and dispatch. In another embodiment, there is a one 
to-one correspondence between the load/store queue identi 
fication value 300 and completion buffer identification value 
assigned by during instruction decode and dispatch Such that 
a part of the completion buffer identification value is used as 
load/store queue identification value 300 (e.g., a certain num 
ber of the least significant bits of the completion buffer iden 
tification value can be used as load/store queue identification 
value 300). 
0081 Virtual tag information 302 includes several status 
values relating to an instruction. These status values are used, 
for example, to bypass data to dependent load instructions, to 
allocate load/store unit 108 resources, and to prevent write 
after-write hazards. In an embodiment, the status values 
included in virtual tag information 302 include (but are not 
limited to) an instruction identification (INSTID) value, a 
thread context identification (TCID) value, a virtual address 
(VADD) value, a graduation (GRAD) value, and a register 
destination (RD) value. Other values may also be included. 
The instruction identification value is used to indicate the 
“age' or program order of an instruction. The thread context 
identification value identifies a program thread to which an 
instruction belongs. The virtual address value is the virtual 
address of an instruction. In embodiments, the virtual address 
bits stored in load/store queue 108 may be less than all of the 
virtual address bits (e.g., Some least significant bits may be 
omitted). The graduation value indicates whether the instruc 
tion has graduated. In an embodiment, the graduation value is 
set to one upon receiving a graduation broadcast for an asso 
ciated instruction from graduation unit 126. The registerdes 
tination value is used, for example, to indicate where a load 
instruction value is to be written in register file 130. 
0082 Physical tag information 304 includes a physical 
address (PADD) value, a status (STATUS) value, a homonym 
(H) value, and a hit-way (HW) value. In embodiments, the 
physical address bits stored in load/store queue 108 may be 
less than all of the physical address bits (e.g., Some least 
significant bits may be omitted). The status value is used to 
indicate the status of an associated cache line. In an embodi 
ment, the status value encodes whether an associated cache 
line is present in data cache 114 and whether data has been 
bypassed, for example, in the case of a load instruction. The 
homonym Value of physical tag information 304 indicates 
that a virtual homonym exists (i.e., a case in which one virtual 
address maps to two physical addresses). The hit-way value 
identifies in which cache way an associated cache line exists. 
On a cache line fill, the hit-way value is updated to reflect the 
way to which the cache line was written. 
0083. In embodiments of the present invention, physical 
tag information 304 is read, for example, to make a miss/hit 
determination, when a pointer to an instruction reaches the 
top of load/store graduation buffer 204 in order to make 
resource allocation determinations, and to obtain cache line 
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status updates. Physical tag information 304 is written, for 
example, during cache line fills and evictions. 
I0084 Data information 306 includes a data valid (DV) 
value and a data (DATA) value. The data valid value indicates 
whether the data value is valid. An optional parity value for 
the data value can also be included. In an embodiment, the 
data value stored in load/store queue 202 is a double word 
(e.g., 64 bits) of data. 
I0085 Exception information 308 includes, for example, a 
debug exception (DBG) value. Other exception values can 
also be included. In an embodiment, exception information 
308 stores exception specific information that needs to be 
transferred to a coprocessor register when the associated 
exception is taken. 
I0086 Load/store unit control logic 200 controls the allo 
cation and de-allocation of entries in load/store queue 202. In 
embodiments, load/store queue 202 can be flushed on a per 
thread basis and compacted to remove flushed out entries. The 
thread context identification value of virtual tag information 
302 is used to support this functionality. When graduation 
unit 126 encounters a pipe flush condition, the thread context 
identification value is broadcasted to load/store unit 108 
along with an instruction kill signal. In response, load/store 
queue 202 flushes all un-graduated load store queue entries 
for the thread. 
I0087 FIG. 3B illustrates an example load data queue 
(LDQ) 208 according to an embodiment of the present inven 
tion. Load data queue 208 is an N-entry memory structure. In 
an embodiment, load data queue 208 is a 4-entry memory 
structure. Each entry in load data queue 208 is configured to 
store a data (DATA) value, a data valid (DV) value, a write 
back (WB) value, a valid information (VALID) value, a fill/ 
store buffer identification (FSBID) value, and a register des 
tination (RD) value. As described herein, in an embodiment, 
the write-back value of load data queue 208 can be used to 
prevent a write-after-write hazard. This is accomplished, for 
example, by setting the write-back value to Zero, thereby 
precluding load data queue 208 from writing data to register 
file 130 after requested data returns. 
I0088 Load data queue 208 holds information for out 
standing load instructions and returns data for an instruction 
to a register specified by the register destination field of load 
data queue 208 upon return of data. In an embodiment, the 
data can come from bus interface unit 116 (e.g., for a load 
miss), fill/store buffer 206 (e.g., for a data cache miss that hits 
in fill/store buffer 206), or data cache 114 (e.g., a miss to a hit 
case). An entry is allocated for an instruction associated with 
a miss when it reaches the top of load/store graduation buffer 
204. 

I0089. In an embodiment, the entries of load data queue 
208 arbitrate one at a time (e.g., in turn) for access to return 
data back to register file 130. An access request can be made 
as soon as data is available. Because the data in load data 
queue 208 is address based, data will go through an aligner 
before the data is sent to register file 130. If the size of the data 
is double word, the double word data will be place in a 64 bit 
data entry. If size of the data is a word or less, the data will be 
placed in the lower word (e.g., bits 0 to 31) of a data entry. In 
an embodiment, data can be merged in the load data queue 
aligner in response to an appropriate instruction to fill the 
upper data word. 
0090 Load/store unit control logic 200 controls allocation 
and de-allocation of entries in load data queue 208. In 
embodiments, load data queue 208 can be flushed on a per 
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thread basis and compacted to remove flushed out entries. A 
thread context identification value is used to Support this 
functionality. 
0091 FIG. 3C illustrates an example fill/store buffer 
(FSB) 206 according to an embodiment of the present inven 
tion. Fill/store buffer 206 is an N-entry memory structure. In 
an embodiment, fill/store buffer 206 has four entries. Each 
entry in fill/store buffer 206 is configured to store a fill/store 
buffer identification (FSBID) value 310, virtual tag (VTAG) 
information 312, physical tag (PTAG) information 314, and 
data (DATA)316. Virtual tag information 312 includes (but is 
not limited to) a thread context identification (TCID) value, a 
virtual address (VADD) value, a data request (DR) value, and 
a data cache probe request (PB) value. Physical tag informa 
tion 314 includes a physical address (PADD) value, and a bus 
interface unit data returned (BIUDR) value. 
0092. A fill/store buffer 206 entry may be allocated due to 
a load or store cache miss and cache operations. Each entry 
holds outstanding line, store data and information pertaining 
to cache operations. Fill/store buffer 206 forwards data to the 
cache (fill), to a load/store unit 108 pipeline stage (load, 
fill/store buffer 206 hit), and to the load data queue 208 (load 
miss with partial fill/store buffer 206 hit or load miss without 
forwarding data). Fill/store buffer 206 takes the store data and 
merges with bus interface unit 116 return data and forwards 
the line to data cache 114 before the fill completes. Fill/store 
buffer 206 stores information to perform cache operations. 
The allocation of virtual addresses and physical addresses 
does not occur in the same processor cycle, and in an embodi 
ment, the physical address is allocated a couple of cycles after 
the virtual address. The retiring of a physical address also 
occurs, for example, a couple of cycles later than the retiring 
of a virtual address in an entry of fill/store buffer 206. 
0093. Load/store unit control logic 200 controls allocation 
and de-allocation of entries in fill/store buffer 206. In embodi 
ments, fill/store buffer 206 can be flushed on a per thread basis 
and compacted to remove flushed out entries, for example, 
using load/store unit control logic 200. A thread context iden 
tification value is used to Support this functionality. 
0094 FIG. 3D illustrates an example load/store gradua 
tion buffer (LSGB) 204 according to an embodiment of the 
present invention. Load/store graduation buffer 204 is an 
N-entry memory structure. Load/store graduation buffer 204 
preferably has the same number of entries as entries of 
completion buffer 128 that are available to be assigned to 
instructions executed by load/store unit 108. For example, in 
one embodiment, 14 entries of completion buffer 128 are 
dedicated for use by load/store unit 108. Thus in this example, 
load/store graduation buffer 204 also has 14 entries. Each 
entry in load/store graduation buffer 204 is configured to store 
a load/store queue identification (LSQID) value and excep 
tion information (EXC INF). 
0095 Load/store graduation buffer 204 is preferably a 
circular first-in-first-out (FIFO) buffer. Load/store graduation 
buffer 204 is used to keep track of load/store instructions past 
instruction graduation. Entries in load/store graduation buffer 
204 are allocated and retired in program order. As described 
herein, each load/store graduation buffer 204 entry contains a 
pointer to an entry of load/store queue 202 that is associated 
with a graduated instruction. 
0096. In an embodiment, load/store graduation buffer 204 
retires up to two entries in a cycle. Instructions associated 
with pointers stored in load/store graduation buffer are retired 
when their pointers reach the top of load/store graduation 
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buffer 204. Upon retiring load and store instructions, load/ 
store graduation buffer 204 releases the completion buffer 
identification values associated with these instructions. This 
frees up the corresponding completion buffer entries for real 
location. 
0097. Load/store unit control logic 200 controls allocation 
and de-allocation of entries in load/store graduation buffer 
204. In embodiments, load/store graduation buffer 204 can be 
flushed on a per thread basis and compacted to remove 
flushed out entries. A thread context identification value is 
used to support this functionality. 
(0098 FIG. 3E illustrates an example data cache 114 
according to an embodiment of the present invention. Data 
cache 114 is preferably a multi-way set associative cache that 
is configurable, for example, as a 16 KB, 32 KB or 64 KB 
cache depending on the number of ways. Each cache way 
includes a tag ram and a data ram. 
0099. In an embodiment of the present invention, each tag 
ram entry stores tag line (TAG LINE) information 320. Tag 
line information 320 includes (but is not limited to) a parity 
(PARITY) value, a virtual hint or address (VHINT) tag value, 
a physical address (PADD) tag value, and a valid (V) value. 
The parity value is optional. The virtual hint (address) tag 
value comprises a selected number of the most significantbits 
of a virtual address. In an embodiment, the number of most 
significant bits used is equal to the total number of virtual 
address bits minus the number of least significant bits used as 
an index value to data cache 114. In one embodiment, virtual 
address bits 31:12 are used. The physical address tag value 
also comprises a selected number of the most significant bits 
of a physical address. In an embodiment, bits 31:12 of a 
physical address are used. The tag ram is line width writable. 
0100. In an embodiment of the present invention, each 
data ram entry stores data line (DATA LINE) information 
322. Data line information 322 includes a parity (PARITY) 
value and a data (DATA) value. The parity value is optional. In 
an embodiment, each data value is 32 bytes wide and is byte 
writable. The read granularity is 64 bits. 
0101 For all the ways corresponding to an index entry in 
data cache 114, there is a corresponding way select line (WAY 
SELECT LINE)324 and a corresponding dirty line (DIRTY 
LINE)326. 
0102 The way select lines 324 are stored in a way select 
array. Each way select line 324 includes a parity (PARITY) 
value, a lock (LOCK) value, and a least recently used (LRU) 
value. The parity value is optional. In an embodiment, the 
lock value includes one bit for each way to indicate which 
ways, if any, are locked. The least recently used value indi 
cates which way to select for eviction. The least recently used 
values of the way select array are updated for loads and stores 
that hit in data cache 114. The way select array is bit writable. 
0103) The dirty lines 326 are stored in a dirty array. Each 
dirty line 326 includes a way prediction (PRED) value, a 
parity (PARITY) value, and a dirty (DIRTY) value. Dirty 
lines 326 maintain the dirty status of each data ram way of 
data cache 114. In an embodiment, the dirty value of each 
dirty line stores one dirty status bit for each way and is bit 
writable. The prediction value stores an alias way prediction 
that is used to identify virtual address synonyms and retrieve 
needed data from data cache 114. 
0104. In an embodiment of the present invention, proces 
sor 100 implements a virtual hint based way prediction 
scheme that allows data from data cache 114 to be retrieved 
from data cache 114 and provided to dependent instructions 
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before a physical address for the data is available. The scheme 
is implemented as follows. Each cache line of data cache 114 
is tagged with both a virtual hint (address) value and a physi 
cal address value. A virtual address for required data is com 
pared to virtual hint values stored in the tag rams. If a match 
occurs, the matching way's data is forwarded to an appropri 
ate execution unit 102 Such as, for example, integer execution 
unit 118. In a Subsequent processor clock cycle, after the 
physical address is available, the physical address is com 
pared to the tag ram physical tag values to Verify that the 
correct data was forwarded. If the correct data was forwarded, 
a hit is signaled to the execution unit and the graduation unit, 
and no further action is required. If the correct data was not 
forwarded, a miss is signaled to the execution unit and the 
graduation unit, and any instruction that operated on the 
incorrect data is invalidated and/or replayed. When the 
instruction is replayed, it is provided with the correct data. 
This scheme thus enables virtual address tags to be used to 
generate early cache way predictions that are backed up in 
Subsequent processor clock cycles with physical address 
compares. 

0105. In an embodiment of the present invention, when no 
match occurs between the virtual hint values and a virtual 
address, an alias way is returned. The alias way is an extra 
prediction about where the required data is physically avail 
able in data cache 114 (e.g., at an alias address). This extra 
prediction or alias way is the prediction value Stored in the 
dirty array. During initialization of the cache, the alias way 
defaults to a selected way such as, for example, way Zero. 
After initialization of the data cache, the alias way is kept up 
to date with the hit way of the last cache line with a virtual 
synonym. In an embodiment, the update of an alias way 
prediction occurs when a pointer to an instruction reaches the 
top of load/store graduation buffer 204. As with data for 
warded based on a virtual hint match, the correctness of data 
forwarded based on analias way prediction is backed up with 
a physical address compare. If the correct data was forwarded 
based on the alias way prediction, a hit is signaled to the 
execution unit(s) and the graduation unit, and no further 
action is required. If the correct data was not forwarded, a 
miss is signaled to the execution unit(s) and the graduation 
unit, and any instruction that operated on the incorrect data is 
invalidated and/or replayed. When the instruction is replayed, 
it is provided with the correct data. 
0106. As described herein, it is a feature of the present 
invention that in embodiments it can detect virtual address 
aliasing or instances of virtual synonyms and retrieve 
required data using alias way prediction values. As illustrated 
in FIG. 3F, virtual address aliasing can occur for example 
when two processes use different virtual addresses to access 
the same physical memory. As shown in FIG. 3F, a page 301 
of physical memory is stored in cache memory. This page 301 
of physical memory is mapped by a process 1 to a page 311 of 
virtual memory. The same page 301 of physical memory is 
mapped by a process 2 to a different page 313 of virtual 
memory. Thus, process 1 and process 2 use different virtual 
addresses to access the page 301 of physical memory stored in 
cache memory. 
0107. In a conventional processor, physical address tag 
comparisons are performed to do way selection. Using physi 
cal tags to perform way selection, however, hurts frequency 
because virtual-to-physical address translations must be per 
formed before physical tags are available. Using physical tags 
also creates a critical path in processor design. Virtual address 
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tag comparisons typically are not used for way selection in 
conventional processors. One reason they are not used is 
because virtual tag comparisons are not able to effectively 
handle virtual synonyms and result in degraded performance. 
This is not the case, however, for processors according to the 
present invention. As described herein, Such processors can 
accommodate one synonym per cache index without perfor 
mance degradation and accurately predict hit way informa 
tion in the case of a virtual synonym. 
(0.108 FIG. 3G illustrates how embodiments of the present 
invention predict/generate hit way information. As shown in 
FIG. 3G, a virtual address 319 is used to retrieve data from a 
data cache. Virtual address 319 includes virtual tag bits 321, 
index bits 323, and block (offset) bits 325. The index bits 323 
are used to retrieve virtual hint tag bits and valid bits from tag 
rams 320a-320n. The retrieved virtual hint tag bits are com 
pared to the virtual tag bits 321 of virtual address 319 using 
comparators 331. The outputs of comparators 331 are com 
bined with the retrieved valid bits using logic 333 to generate 
hit/miss information that is provided to way selection logic 
327. 

0109. In addition to the hit/miss information generated by 
logic 333, an alias way prediction value of dirty array 326 is 
provided to way selection logic 327. The alias way prediction 
value provided to way selection logic 327 is the prediction 
value in dirty array 326 pointed to by index bits 323. This alias 
way prediction value is used by way selection logic 327 to 
generate a selected way signal in instances when no hit signal 
is generated by control logic 333. 
0110. If virtual tag bits 321 match one of the virtual hint 
tag values stored in a tag ram 320, way selection logic 327 
generates a selected way signal that is used to retrieve the data 
associated with the hit. This data is forwarded, for example, to 
an execution unit 102 as described herein. However, if no hit 
signal is generated by logic 333, data from the way associated 
with the alias way prediction value is retrieved and forwarded 
to the execution unit. The way associated with the alias way 
prediction value can be thought of as a default way. 
0111. As illustrated by FIG. 3H, when the physical 
address associated with virtual address 319 is available, the 
corresponding physical address tag bits are compared to 
physical address tag bits stored in tag rams 320 using com 
parators 335. The outputs of comparators 335 are combined 
with retrieved valid bits using logic 337 to generate hit/miss 
information. This hit/miss information is provided to verifi 
cation and prediction update logic 329. If the physical address 
tag bits for the retrieved and forwarded data match the physi 
cal address tag bits associated with virtual address 319, veri 
fication and prediction update logic 329 generates a cache hit 
signal that is provided, for example, to execution unit(s) 102 
and graduation unit 126. If the physical address tag bits for the 
retrieved and forwarded data do not match the physical 
address tag bits associated with virtual address 319, verifica 
tion and prediction update logic 329 generates a cache miss 
signal that is provided to execution unit(s)102 and graduation 
unit 126. 

0112. As shown in FIG.3H, the hit and miss signals from 
logic 337 provided to verification and prediction update logic 
329 are used to update the alias way prediction values stored 
in dirty array 326. For example, if logic 337n outputs a hit 
(match) signal, the corresponding alias way prediction value 
stored in dirty array 326 is updated to point to the way asso 
ciated with tag ram 320m. Thus, virtual synonym cases are 
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identified and the processor is trained to accurately predict hit 
way information even in the case of a virtual synonym. 
0113 FIG. 4A illustrates an example of how an entry in 
load/store queue 202 is allocated according to an embodiment 
of the present invention. The example illustrated in FIG. 4A 
begins with the dispatch of an instruction 402 from decoded 
instruction buffer 113 of instruction dispatch unit 106 to 
load/store unit 108. Instruction 402 is dispatched to load/store 
unit 108 out-of-program-order. 
0114 Load/store unit control logic 200 in load/store unit 
108 receives instruction type information for instruction 402 
(for purposes of this example, instruction 402 is a load 
instruction) and calculates a virtual address for the required 
load data. As shown in FIG. 4A, load/store unit control logic 
200 allocates entry 404 in load/store queue 202 for storing 
information associated with instruction 402. 
0115. As shown in FIG. 4A, instruction 402 is assigned a 
load/store queue identification value often. The instruction 
identification value for instruction 402 is one. The instruction 
identification value is used to indicate the “age' or program 
order of instruction 402 relative to other program instruc 
tions. In an embodiment, an instruction with a higher instruc 
tion identification value follows in program order an instruc 
tion with a lower instruction identification value. The 
graduation value in load/store queue 202 is reset to Zero 
because the instruction has not yet graduated. The register 
destination value is set to four, thereby indicating that register 
R4 in register file 130 is the destination register that will 
eventually store the result of load instruction 402. The least 
signification bit of the status field is set to Zero to indicate that 
the load is a miss. The most significant bit of the status field is 
set to Zero to indicate that the value to be loaded is not present 
in data cache 114. The data valid field is set to Zero to indicate 
that due to the load miss there is no valid data present in the 
data field. 
0116 FIG. 4B continues the example of FIG. 4A. FIG. 4B 
illustrates the graduation of instruction 402 and the allocation 
of an entry 406 in load/store graduation buffer 204 that holds 
a pointer to entry 404 of load/store queue 202. As described 
herein, graduation unit 126 graduates load instruction 402 in 
program order. 
0117 Upon graduation of load instruction 402, graduation 
unit 126 broadcasts a signal that communicates the instruc 
tion identification value (10) and the register destination 
value (4) for instruction 402. Based on the instruction iden 
tification value, load/store unit control logic 200 reads entry 
404 corresponding to instruction 402 in load/store queue 202 
and determines the status of load instruction 402. Because 
instruction 402 is associated with a load miss, load/store unit 
control logic 200 allocates entry 406 in load/store graduation 
buffer 204 to hold a pointer (10) to entry 404 in load/store 
queue 202. In the example shown, the load/store queue iden 
tification value is the same as the completion buffer identifi 
cation value assigned to instruction 402 during instruction 
decode and dispatch. 
0118. As shown in FIG. 4B, load/store unit control logic 
200 updates the graduation value in entry 404 of load/store 
queue 202 to one to indicate that instruction 402 has gradu 
ated. If the required load data becomes available in data cache 
114, for example, due to a store instruction, the most signifi 
cant bit of the status field in load/store queue 202 will be 
updated to one to indicate that the required data is available. 
This change in status also indicates that a probe needs to be 
sent to data cache 114 to retrieve the required data. 
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0119 FIG. 4C illustrates an allocation of entry 408 in 
fill/store buffer 206 and allocation of entry 410 in load data 
queue 208. FIG. 4B also shows the de-allocation of entry 404 
in load/store queue 202. These actions are taken in response to 
the pointer 10 (stored in entry 406 of load/store graduation 
buffer 204) reaching the top of load/store graduation buffer 
204 and being serviced. An instruction associated with a 
pointer in load/store graduation buffer 204 is serviced when 
the pointer reaches the top of load/store graduation buffer 
204. 

I0120 Based on the information stored in load/store queue 
202 for an instruction, load/store unit control logic 200 may 
allocate an entry in load data queue 208 for the instruction, 
allocate an entry in fill/store buffer 206 for the instruction 
and/or send a probe to data cache 114. For the example shown 
in FIG. 4C, the status value indicates the load data required 
for instruction 402 is in memory located outside of processor 
100. Thus, the required data will have to be requested using 
bus interface unit 116. Because fill/store buffer 206 is used to 
request data from bus interface unit 116, an entry 408 is 
allocated in fill/store buffer 206 along with an entry 410 in 
load data queue 208 for instruction 402. 
I0121. In a situation where the required load data becomes 
available in data cache 114 by the time an instruction associ 
ated with a pointer in load/store graduation buffer 204 is 
serviced, all that is required is to allocate an entry in load data 
queue 208 for the instruction and to senda probe to data cache 
114 to retrieve the data. No entry is required infill/store buffer 
206 because the required data will be forwarded to load data 
queue 208 from data cache 114. 
I0122. In a situation where required data is available in an 
entry offill/store buffer 206, the required data is forwarded by 
fill/store buffer 206 to load/store queue 202 and/or load data 
queue 208 without the need to allocate an entry in fill/store 
buffer 206. If an entry in fill/store buffer 206 has been allo 
cated, load/store unit control logic 200 stores the fill/store 
buffer identification value (e.g., the value three shown in entry 
408) in a corresponding entry of load data queue 208 (e.g., 
entry 410) as a pointer between fill/store buffer 206 and load 
data queue 208. 
I0123. When the required data for instruction 402 is 
returned from bus interface unit 116, the bus interface unit 
116 data valid (BIU DV) bit is set to one, and the data is 
forwarded to entry 410 of load data queue 208 (e.g., using the 
FSBID as an index into load data queue 208 to indicate where 
the data should be stored). After load data queue 208 receives 
the missing load data for instruction 402, it writes-back the 
data to the register indicated by the register destination (RD) 
value if and only if the write-back (WB) value is set to one. 
0.124. In an embodiment of the present invention, after the 
entries for instruction 402 have been allocated in load data 
queue 208 and fill/store buffer 206, entry 404 in load/store 
queue 202 and entry 406 in load/store graduation buffer 204 
are de-allocated by load/store unit control logic 200 to create 
space for other instructions. In an embodiment, de-allocation 
of entries 404 and 406 may require a few processor clock 
cycles, and during this period, entries 404, 406, 408 and 410 
may exist simultaneously. 
0.125 FIG. 5A illustrates detection of a write-after-write 
hazard according to an embodiment of the present invention. 
When graduation unit 126 broadcasts graduation of a load 
instruction 401 (which follows instruction 402 in program 
order), load/store unit control logic 200 compares the register 
destination value of load instruction 401 with the register 
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destination values of any graduated load instruction entry 
stored in load/store queue 202 and/or load data queue 208. To 
determine whether an instruction associated with an entry in 
load/store queue 202 has graduated, its graduation bit is 
checked in load/store queue 202. If the graduation bit of an 
entry in load/store queue 202 is set to one, and if the associ 
ated instruction register destination value for the graduated 
instruction matches that of graduating load instruction 401, a 
write-after-write hazard exists because the older graduated 
load instruction may overwrite the value written by load 
instruction 401 in register file 130 (e.g., assuming that 
instruction 401 is not associated with a data miss). 
0126. In the example shown in FIG. 5A, the register des 
tination value in entries 404 and 410 match the register des 
tination value broadcast by graduation unit 126 for load 
instruction 401. Thus, comparators 500a and 500b are shown 
outputting a match signal to load/store unit control logic 200, 
which indicates the detection of a write-after-write hazard. In 
an embodiment, a match signal value equal to one indicates a 
match, and a match signal value equal to Zero indicates no 
match. 

0127 FIG. 5B illustrates how load/store unit control logic 
200 prevents a detected write-after-write hazard from occur 
ring according to an embodiment of the present invention. As 
shown in FIG. 5B, after detecting that a write-after-write 
hazard exists if instruction 402 writes-back to register file 
130, load/store unit control logic 200 prevents the hazard 
from occurring by setting the register destination value in 
entry 404 of load/store queue 202 to a value that corresponds 
to a read-only register (e.g., register R0 in register file 130), 
and by setting the write-back value in entry 410 of load data 
queue 208 to zero. As described above, setting the write-back 
value to zero in entry 410 of load data queue 208 prevents data 
stored in load data queue 208 from being written back to 
register file 130. 
0128. It is to be appreciated that even though entries for 
instruction 402 are shown in load/store queue 202 and load 
data queue 208, in a first instance, only entry 404 may be 
presentinload/store queue 202 because load/store graduation 
buffer 204 may not have yet allocated load data queue 208 
entry 410. In a second instance, only entry 410 may be present 
because entry 404 may have been de-allocated. As noted 
above, it is possible that both entry 404 and entry 410 may be 
present (as shown) until entry 404 is de-allocated by load/ 
store unit control logic 200. In the event that only entry 404 is 
present, only the register destination value for entry 404 is set 
to zero. In the event that only entry 410 is present, only the 
write-back value for entry 410 is set to zero. In the event both 
entries 404 and 410 are present, then as described above, both 
the register destination value for entry 404 is set to Zero and 
the write-back value for entry 410 is set to zero. 
0129 FIGS. 5C1 and 5C2 further illustrate how write 
after write hazards are detected according to an embodiment 
of the present invention. As shown in FIGS. 5C1 and 5C2, 
graduation unit 126 broadcasts information for a graduating 
load instruction. The broadcast includes the register destina 
tion value for the graduating instruction. This value is com 
pared to register destination values stored in load/store queue 
202 for previously graduated instructions using comparators 
502. Any matches are communicated to load/store unit con 
trol logic 200. Similarly, the broadcast register destination 
value for the graduating instruction is compared to register 
destination values stored in load data queue 208 using com 
parators 508, and any matches are communicated to load/ 
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store unit control logic 200. The operations depicted in FIGS. 
5C1 and 5C2 preferably occur in parallel. 
0.130 FIG. 5D illustrates how write-after-write hazards 
detected in FIGS. 5C1 and 5C2 are prevented according to an 
embodiment of the present invention. As shown in FIG. 5D, 
upon detecting write-after-write hazards, for example, due to 
entries in load/store queue 202 and/or entries in load data 
queue 208, load/store unit control logic 200 prevents the 
hazards from occurring. As shown in FIG.5D, load/store unit 
control logic 200 sets register destination values for entries in 
load/store queue 202 identified as potentially causing a write 
after-write hazard to a value associated with a read-only reg 
ister. Similarly, load/store unit control logic 200 sets the 
write-back bits for entries in load data queue 208 identified as 
potentially causing a write-after-write hazard to a value (e.g., 
Zero) that prevents write-back of the data associated with the 
write-back values. Means other than those described herein 
can be used to prevent the occurrence of a write-after-write 
hazard. 
I0131 FIG. 6 is a diagram of an example system 600 
according to an embodiment of the present invention. System 
600 includes a processor 602, a memory 604, an input/output 
(I/O) controller 606, a clock 608, and custom hardware 610. 
In an embodiment, system 600 is a system on a chip (SOC) in 
an application specific integrated circuit (ASIC). 
I0132) Processor 602 is any processor that includes fea 
tures of the present invention described herein and/or imple 
ments a method embodiment of the present invention. In one 
embodiment, processor 602 includes an instruction fetch unit, 
an instruction cache, an instruction decode and dispatch unit, 
one or more instruction execution unit(s), a data cache, a 
register file, and a bus interface unit similar to processor 100 
described above. 
0.133 Memory 604 can be any memory capable of storing 
instructions and/or data. Memory 604 can include, for 
example, random access memory and/or read-only memory. 
I0134. Input/output (I/O) controller 606 is used to enable 
components of system 600 to receive and/or send information 
to peripheral devices. I/O controller 606 can include, for 
example, an analog-to-digital converter and/or a digital-to 
analog converter. 
0.135 Clock 608 is used to determine when sequential 
Subsystems of system 600 change state. For example, each 
time a clock signal of clock 608 ticks, state registers of system 
600 capture signals generated by combinatorial logic. In an 
embodiment, the clock signal of clock 608 can be varied. The 
clock signal can also be divided, for example, before it is 
provided to selected components of system 600. 
0.136 Custom hardware 610 is any hardware added to 
system 600 to tailor system 600 to a specific application. 
Custom hardware 610 can include, for example, hardware 
needed to decode audio and/or video signals, accelerate 
graphics operations, and/or implement a Smart sensor. Per 
sons skilled in the relevant arts will understand how to imple 
ment custom hardware 610 to tailor system 600 to a specific 
application. 
0.137 While various embodiments of the present invention 
have been described above, it should be understood that they 
have been presented by way of example, and not limitation. It 
will be apparent to persons skilled in the relevant computer 
arts that various changes can be made therein without depart 
ing from the scope of the present invention. Furthermore, it 
should be appreciated that the detailed description of the 
present invention provided herein, and not the Summary and 
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abstract sections, is intended to be used to interpret the claims. 
The Summary and abstract sections may set forth one or more 
but not all exemplary embodiments of the present invention as 
contemplated by the inventors. 
0138 For example, in addition to implementations using 
hardware (e.g., within or coupled to a Central Processing Unit 
(“CPU”), microprocessor, microcontroller, digital signal pro 
cessor, processor core, System on Chip (“SOC), or any other 
programmable or electronic device), implementations may 
also be embodied in Software (e.g., computer readable code, 
program code and/or instructions disposed in any form, Such 
as Source, object or machine language) disposed, for 
example, in a computer usable (e.g., readable) medium con 
figured to store the software. Such software can enable, for 
example, the function, fabrication, modeling, simulation, 
description, and/or testing of the apparatus and methods 
described herein. For example, this can be accomplished 
through the use of general programming languages (e.g., C. 
C++), hardware description languages (HDL) including Ver 
ilog HDL, VHDL, SystemC Register Transfer Level (RTL) 
and so on, or other available programs, databases, and/or 
circuit (i.e., Schematic) capture tools. Such software can be 
disposed in any known computer usable medium including 
semiconductor, magnetic disk, optical disk (e.g., CD-ROM, 
DVD-ROM, etc.) and as a computer data signal embodied in 
a computerusable (e.g., readable) transmission medium (e.g., 
carrier wave or any other medium including digital, optical, 
or analog-based medium). As such, the Software can be trans 
mitted over communication networks including the Internet 
and intranets. 
0.139. It is understood that the apparatus and method 
embodiments described herein may be included in a semicon 
ductor intellectual property core, such as a microprocessor 
core (e.g., embodied in HDL) and transformed to hardware in 
the production of integrated circuits. Additionally, the appa 
ratus and methods described herein may be embodied as a 
combination of hardware and software. Thus, the present 
invention should not be limited by any of the above-described 
exemplary embodiments, but should be defined only in accor 
dance with the following claims and their equivalence. 
What is claimed is: 
1. A processor that includes memory configured to store 

virtual address tag bits and physical address tag bits in a first 
portion, to store data bits in a second portion, and to store alias 
way prediction values in a third portion, wherein the third 
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portion is kept up to date based on the way of a last hit line in 
the second portion with a virtual synonym in the first portion. 

2. The processor of claim 1, wherein data responsive to a 
cache hit is provided to a dependent instruction prior to a 
physical address of the data being available. 

3. The processor of claim 2, wherein the data responsive to 
the cache hit is validated by comparison to a physical address 
of the data when the physical address of the data is available. 

4. A processor, comprising: 
a plurality of first memories configured to store virtual 

address tag bits and physical address tag bits: 
a plurality of second memories configured to store data 

bits, each of the second memories corresponding to one 
of the plurality of first memories; and 

a third memory configured to store alias way prediction 
values, 

wherein upon a cache hit for a cache line using a way, a 
corresponding line in the third memory is updated with 
a value corresponding to the used way. 

5. The processor of claim 4, wherein data responsive to a 
cache hit is provided to a dependent instruction prior to a 
physical address of the data being available. 

6. The processor of claim 5, wherein the data responsive to 
the cache hit is validated by comparison to a physical address 
of the data when the physical address of the data is available. 

7. A processor, comprising: 
a first memory to store a virtual address tag: 
a first comparator to compare a virtual address of a data 

request to the virtual address tag: 
a second memory to store a virtual synonym for the virtual 

address tag; and 
a second comparator to compare the virtual synonym with 

the virtual address tag if there is no match resulting from 
the comparison by the first comparator, 

wherein if there is a match resulting from the compare by 
the first or second comparators, the data corresponding 
to the match is provided to a dependent instruction of the 
data request prior to a physical address of the data being 
available. 

8. The processor of claim 10, further comprising a third 
comparator to compare a physical address of the data request 
with the physical address of the data when the physical 
address of the data is available. 
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